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RNA polymerase II of trypanosomes, early diverging eukaryotes, transcribes long polycistronic messages,
which are not capped but are processed by trans-splicing and polyadenylation to form mature mRNAs. The same
RNA polymerase II also transcribes the genes coding for the spliced leader RNA, which are capped, exported to
the cytoplasm, processed, and reimported into the nucleus before they are used as splicing donors to formmRNAs
from pre-mRNA polycistronic transcripts. As pre-mRNA and spliced leader transcription events appear to be
uncoupled, we studied how the RNA polymerase II is distributed in the nucleus of Trypanosoma cruzi.
Using specific antibodies to the T. cruzi RNA polymerase II unique carboxy-terminal domain, we demonstrated
that large amounts of the enzyme are found concentrated in a domain close to the parasite nucleolus and
containing the spliced leader genes. The remaining RNA polymerase II is diffusely distributed in the nucleo-
plasm. The spliced leader-associated RNA polymerase II localization is dependent on the cell transcriptional
state. It disperses when transcription is blocked by -amanitin and actinomycin D. Tubulin genes are excluded
from this domain, suggesting that it may exclusively be the transcriptional site of spliced leader genes.
Trypomastigote forms of the parasite, which have reduced spliced leader transcription, show less RNA
polymerase II labeling, and the spliced leader genes are more dispersed in the nucleoplasm. These results
provide strong evidences that transcription of spliced leader RNAs occurs in a particular domain in the T. cruzi
nucleus.
Trypanosomes belong to a group of early diverging flagel-
lated protozoa that causes several parasitic diseases, including
Chagas’ disease, leishmaniosis, and African trypanosomiasis.
As with most eukaryotes, they also have three RNA poly-
merases characterized by a variable sensitivity to -amanitin
(15, 48). In trypanosomatids, the -amanitin-sensitive RNA
polymerase II (RNA Pol II), which transcribes most of the
protein coding genes, catalyzes the transcription of long poly-
cistronic messages (25, 47). These long polycistronic messages
are then processed in a trans-splicing reaction by addition of a
30- to 40-nucleotide sequence derived from the spliced leader
(SL) RNA at the 5 end of each cistron, followed by addition
of a poly(A) tail at the 3 end (3, 42). The cap is added at the
5 end of the SL RNA during its transcription, and then it is
transferred with the 30 to 40 nucleotides to the mature mRNA
in the trans-splicing reaction (21, 29, 37). Transcription is con-
stitutive for almost all genes characterized to date and varies in
overall rates according to the parasite developmental stages
(18). Thus, most regulation of gene expression in these organ-
isms seems to occur posttranscriptionally either by the stability
of the processed mRNAs or by translational controls as dis-
cussed in several reviews (8, 23, 44, 49). Recently, a bidirec-
tional promoter was identified in strand-switch regions of chro-
mosomes 1 (31) and 3 (30) of Leishmania major, driving the
polycistronic transcription in long portions of these chromo-
somes. Also, a tRNA gene region on chromosome 3 was iden-
tified as a transcription terminator (30).
Transcription of the SL RNA in trypanosomes has been
recently attributed to the same RNA polymerase that tran-
scribes the polycistronic pre-mRNA (22), although some small
differences regarding the sensitivity to -amanitin have been
detected (24). Moreover, differently from the polycistronic
transcription, specific transcription factors recognize defined
promoter and termination sequences on the SL RNA gene
transcription (14, 22, 24, 28, 51). The SL RNA is exported to
the cytoplasm, where it undergoes 3 extension removal and 5
methylation of nucleotide U4 before being imported into the
nucleus and used as trans-splicing substrate (52). These try-
panosome-peculiar transcription and mRNA processing mech-
anisms are reflected in the sequence of their RNA Pol II,
which lacks the typical heptapeptide repeats (YSPTSPS) pres-
ent in the carboxy-terminal domain (CTD) of RNA Pol II of
other eukaryotic organisms. These repeats are differentially
phosphorylated (36) and synchronize capping, splicing, elon-
gation, and polyadenylation (13, 38), processes that colocalize
in the nucleoplasm in an apparent cluster of enzymes (43).
Nevertheless, in Trypanosoma brucei, despite its unique CTD,
RNA polymerase II is phosphorylated when isolated from
elongating complexes (10).
Because the transcription of SL RNA is not coupled to the
trans-splicing process, we sought to investigate whether SL
RNA transcription would occur in a separate domain regard-
ing the transcription of other genes. To answer this question, in
this work we addressed the localization of RNA Pol II in the
nucleus of Trypanosoma cruzi, the agent of Chagas’ disease.
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We found that RNA Pol II transcription of SL genes occurs in
a specific nuclear domain in this parasite.
MATERIALS AND METHODS
Trypanosomes. T. cruzi epimastigote forms (Y strain) were cultured at 28°C in
liver infusion tryptose medium supplemented with 10% fetal bovine serum (7).
Epimastigotes expressing a histone H2b-green fluorescent protein (H2B-GFP)
fusion (18) were also cultivated as above but in the presence of 500 g Geneticin
G418 per ml. Exponentially growing parasites (1  107 per ml) were collected by
centrifugation and used as described previously (18). Trypomastigote forms were
obtained from the supernatants of infected mammalian cells (LLCMK2; Amer-
ican Type Culture Collection) as described previously (2).
Recombinant CTD and antibodies. To clone and express the recombinant
protein corresponding to the CTD of T. cruzi RNA Pol II (rCTD), a lambda
DASH II (Stratagene) clone containing the genomic sequence of RNA Pol II of
T. cruzi (16) was used as a template for PCR with oligonucleotides CTDFor (5
CCCATATGGGCGGCAGCTCCTCCGC) and CTDRev (5CGGATCCCTAC
TGGTGCCCTTCCTC). The PCR product was inserted into pGEM-T-Easy
(Promega, Madison, WI) and then into the NdeI-BamHI sites of pET14b (No-
vagen). The resulting plasmid was transferred to Escherichia coli BL21 pLysS,
and the recombinant protein was obtained by induction of expression with 0.1
mM isopropylthio--D-galactoside (IPTG) for 12 h at 30°C. Bacteria were re-
suspended in 20 mM Tris-HCl (pH 8), 6 mM MgCl2, 0.1% Triton X-100, frozen
and thawed three times to induce lysis, and treated with 20 g of DNase per ml
for 30 min. The insoluble rCTD was washed, solubilized in 8 M urea–100 mM
phosphate buffer (pH 8), and applied to an Ni-nitrilotriacetic acid column (QIA-
GEN) equilibrated in the same buffer. After washes with 30 column volumes of
the same buffer, 30 volumes of the same buffer at pH 6.3, and 30 volumes at pH
5.9, the recombinant protein was eluted with 8 M urea–100 mM phosphate buffer
(pH 4.5). The eluted protein was dialyzed against 0.1 M NaHCO3 (pH 8.5) and
then alkalinized by addition of 100 mM NaOH followed by slow neutralization to
pH 8 with HCl to obtain a soluble form of the protein. One-hundred micrograms
of the solubilized protein was mixed with 350 l of alum and subcutaneously
injected into rabbits three times with 3-week intervals between each dose. After
the third injection, the blood was collected and monospecific antibodies were
purified from the sera by chromatography with a Tresyl-agarose column contain-
ing the immobilized rCTD and elution with 100 mM triethylamine (pH 11.5).
Immunoblots and immunoprecipitation. Immunoblots were performed using
sodium dodecyl sulfate (SDS) extracts of 1 107 parasites per lane and detection
by ECL (Amersham Biosciences) using standard protocols. Parasite nuclear
extracts were used for the immunoprecipitation experiments. The nuclear ex-
tracts were prepared from 5  109 exponentially growing parasites that were
centrifuged and washed twice in cold 20 mM Tris-HCl (pH 7.4)–100 mM NaCl
and 3 mM MgCl2, followed by two washes in transcription buffer (150 mM
sucrose, 20 mM potassium glutamate, 10 mM HEPES-KOH [pH 7.9], 3 mM
MgCl2, 0.2 mM EDTA, 2 mM dithiothreitol, and 10 mg of leupeptin per ml). The
parasites were lysed at 130 lb/in2 in a French press apparatus, and the pellets
were collected by centrifugation (20,000  g for 10 min at 4°C) and resuspended
in transcription buffer to one packed cell volume. The lysates were then sus-
pended in 300 mM KCl in transcription buffer and centrifuged for 10 min at 4°C
(20,000 g), and the supernatant was diluted in the same buffer without KCl and
reconcentrated using a Centricon 10 (Millipore). One-hundred-fifty microliters
of these nuclear extracts were precleared with 5 l normal rabbit immunoglob-
ulin G (IgG) preadsorbed to 30 l of protein A-Sepharose for 30 min at 4°C. Half
of the supernatant was incubated with the specific antibodies and half with
control antibodies, both preadsorbed to protein A-Sepharose beads. After 90
min at 4°C, the beads were washed, boiled in sample buffer, and submitted to
SDS-polyacrylamide gel electrophoresis (PAGE). The gels were blotted to ni-
trocellulose and probed with the indicated antibodies by standard procedures.
Immunofluorescence analysis and fluorescence in situ hybridization (FISH).
Immunofluorescence was made with parasites attached to glass slides pretreated
with 0.01% polylysine. Attached parasites were fixed with 0.5 to 4% paraformal-
dehyde at 4°C for 15 min and permeabilized in phosphate-buffered saline (PBS)
with 0.1% Triton X-100. The fixed and permeabilized cells were washed with
PBS, and the slides were incubated with the primary antibody for 1 h at room
temperature. The slides were washed with PBS, incubated with anti-rabbit IgG-
rhodamine or fluorescein conjugates (Santa Cruz Biotechnology, Santa Cruz,
CA), and mounted in VectaShield (Vector Laboratories) in the presence of 10
g of 46-diamidino-2-phenylindole (DAPI) per ml. For simultaneous immu-
nofluorescence and FISH reactions, after the standard antibody reactions the
slides were postfixed with cold 4% paraformaldehyde in PBS and then washed 5
min with PBS and gradually dehydrated by 5-min incubations in 70%, 90%, and
100% ethanol. For FISH experiments without antibody reactions, the cells were
fixed, permeabilized, and gradually dehydrated as above. As a control, cells were
treated after permeabilization with 30 g of DNase-free RNase per ml for 15 min
at 37°C to exclude the possibility of hybridization with RNA. In all cases, after
dehydration the slides were air dried and incubated with 15 ng of digoxigenin or
Fluorescein High Prime (Roche)-labeled probes in hybridization solution (2
SSPE, 50% formamide, 10% dextran [1 SSPE is 0.18 M NaCl, 10 mM NaH2PO4,
and 1 mM EDTA, pH 7.7]) preheated at 85°C for 7 min in a 25-l final volume.
The slides were sealed with EasiSeal (Hybaid), heated 5 min at 80°C, and then
incubated 16 h at 37°C. The seal was removed, and the slides were washed 30 min
at 37°C in 50% formamide–2 SSC (1 SSC is 0.15 M NaCl plus 0.015 sodium
citrate) and sequentially washed for 10 min with 2 SSC at 50°C, for 1 h with
0.2 SSC at 50°C, and finally for 10 min with 4 SSC at room temperature. The
slides were then incubated with sheep anti-digoxigenin (Roche Diagnostics)
diluted 1:600 in PBS–2% BSA for 45 min at 37°C and washed twice with PBS
containing 0.05% Tween 20 (5 min each) before being incubated with fluores-
cein-conjugated anti-sheep IgG antibody (Vector) diluted 1:150 in PBS–2% BSA
for 45 min at 37°C in the presence of DAPI. The slides were mounted as above.
For dual probe FISH experiments, one probe was labeled using the Fluorescein
High Prime kit and the other with digoxigenin. After the hybridization reaction,
the slides were washed and incubated with sheep anti-digoxigenin-rhodamine
(Roche) 1:20 in PBS containing 2% BSA for 45 min at 37°C, washed, and
mounted as above. All preparations were observed using either a 100 magni-
fication and 1.4 aperture Plan-Apochromatic lens of a Nikon E600 microscope
attached to a Nikon DXM1200 digital camera or a Zeiss 100X magnification and
1.4 aperture Plan-Apochromatic lens of an Axiovert 100 microscope attached to
a confocal laser fluorescence-scanning system (Bio-Rad 1024-UV) using the
LaserSharp 3.2TC program (Bio-Rad). The images were further processed using
the Volume J plugin in the Image J software, version 1.32i. Adobe Photoshop
was used to pseudocolor images. The FISH probes were the entire SL gene, the
satellite DNA, and a single unit of a tandem repeat of - and -tubulin genes.
The SL RNA probe was prepared by PCR using as template a pGEM-T Easy
containing a genomic clone of T. cruzi (Y strain) SL RNA gene and the oligo-
nucleotides SL3 (5-GGGGTCAGACCCCGGTCAAAA) and SL5 (5-CCGTT
GTGGAACACAACTCCT). The SL probe was labeled with digoxigenin by
PCR. Ten nanograms of the amplified DNA fragment purified with Sephaglass
BandPrep kit (Amersham Biosciences) was then used as template in a new PCR
containing the same primers and 0.2 mM dATP, dCTP, and dGTP, 0.13 mM
dTTP, and 0.07 mM digoxigenin-11–dUTP (Roche Diagnostics). The labeled
and amplified product was purified again with Sephaglass BandPrep kit and used
in the hybridizations. The satellite DNA probe was prepared as described pre-
viously (17). The tubulin probe was prepared by random priming labeling using
the Fluorescein High Prime kit according to the manufacturer’s instructions with
a XbaI-EcoRI fragment corresponding to 4.3 kilobases of the - and -tubulin
genes cloned in pDC1 (a gift from Yara Traub Czeko, Fiocruz, Rio de Janeiro,
Brazil).
In vitro transcription. The parasites were washed three times and resuspended
to 1  107 per ml in transcription buffer containing 80 U per ml of RNase
inhibitor (Stratagene). These cells were then permeabilized with 50 g of lyso-
lecithin per ml (Sigma) for 1 min on ice, centrifuged, and washed in transcription
buffer and resuspended to the same cell density in the transcription buffer
containing 2 mM ATP, 1 mM CTP, 1 mM GTP, 0.5 mM bromo-UTP (Br-UTP)
(Roche), 200 g of creatine kinase per ml, 50 mM creatine phosphate. The cells
were incubated for 15 min at 28°C and then added to glass slides coated with
polylysine and processed for immunofluorescence using as primary antibodies 2.5
g of a mouse monoclonal anti-5-bromodeoxyridine (BrdU) antibody (Roche)
per ml and the anti-CTD diluted in PBS–1% BSA, followed by anti-mouse IgG
Rhodamine conjugate (1:200; Santa Cruz) and anti-rabbit IgG fluorescein con-
jugate (Gibco). In some experiments, -amanitin, at the indicated concentra-
tions, was included before addition of the nucleotides. The slides were mounted
and observed as described above.
RESULTS
T. cruzi RNA Pol II is concentrated in a major nuclear do-
main. We cloned the CTD of T. cruzi RNA Pol II (16), ex-
pressed and purified the corresponding recombinant protein
(rCTD) (29 kDa) (Fig. 1A), and used it to raise antibodies in
rabbits. Monospecific antibodies were obtained by affinity chro-
matography using the immobilized rCTD. These anti-CTD anti-
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bodies reacted specifically with a 180-kDa band in immunoblots
of total parasite lysates (Fig. 1B) and of immunoprecipitates ob-
tained with the same antibodies (Fig. 1C). This is the expected
size of the T. cruzi RNA Pol II. The antibodies only labeled the
nucleus when used in immunofluorescence assays against fixed
and permeabilized parasites (Fig. 1D). Neither the kinetoplast
nor the cytoplasm was immunostained. Importantly, the nuclear
labeling was not homogeneous. Instead, we observed a more
intensely stained spot surmounting a more weak and diffuse
pattern occupying most of the nuclear space. The nuclear pe-
riphery and the area that was less stained with DAPI, which
corresponds to the nucleolus (see below), were not stained.
The labeling was completely abolished when the immuno-
fluorescence was made in the presence of rCTD (Fig. 1E),
confirming that the detected fluorescence corresponded to the
T. cruzi RNA Pol II.
FIG. 1. Antibodies against a recombinant protein corresponding to the T. cruzi RNA Pol II carboxy-terminal domain predominantly label a
nuclear spot in the parasite. (A) The rCTD was expressed in E. coli BL21 after IPTG induction and was analyzed by SDS-PAGE (lanes 1 and 2).
The same gel shows the fractions purified as inclusion bodies (lane 3), after solubilization in 8 M urea and after purification by affinity
chromatography in a Ni-agarose column (lanes 4 and 5). (B) Total parasite extract (lanes 1 and 2) and the corresponding immunoblots using
anti-CTD antibodies (CTD, lane 3) or normal rabbit IgG (NRS, lane 4). (C) Parasite nuclear extracts immunoprecipitated (IP) with anti-CTD
antibodies coupled to protein A-Sepharose beads (lanes 1 and 3) or a control antibody against a nonrelated antigen (lanes 2 and 4). The bands
were detected by immunoblot using the anti-CTD (lanes 1 and 2) or the control antibody (lanes 3 and 4). (D) Anti-CTD immunofluorescence
assays of parasites fixed with 2% paraformaldehyde and permeabilized with Triton X-100. The figure also shows the DAPI staining, the merged
fluorescent images, and the phase contrast of the same field. (E) The same experiment as in D, but the immunostaining was performed in the
presence of rCTD at 1 g per ml. The white arrows indicate the nucleus (N), nucleolus (nuc), and the kinetoplast (K) positions. Bars, 2 m.
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The RNA Pol II enriched domain is close to the nucleolus.
To further investigate the localization and the nature of the
most intensely labeled spot recognized by anti-RNA Pol II
antibodies, the immunofluorescence assay was made in cells
expressing a fusion of histone H2b and the green fluorescent
protein (H2B-GFP). This fusion protein was previously shown
to be at the parasite nucleolus, because it colocalizes with an
anti-nucleolus monoclonal antibody (18, 34). As seen in the
Fig. 2A, the RNA Pol II staining was always very close to but
never juxtaposed with the H2B-GFP fusion. It is also possible
to see that the fusion was in a region less stained by DAPI,
which delimitates the nucleolus. Confocal analysis of the anti-
CTD and DAPI fluorescence allowed us to reconstruct the
volumes occupied by each one of these stains at several angles.
These analyses indicate that the RNA Pol II main labeling
occupies a central area in the nucleus, close to the region less
stained with DAPI (Fig. 2B), confirming that most of the RNA
Pol II is concentrated in a domain near the parasite nucleolus.
The RNA Pol II localization is dependent on active tran-
scription. To determine whether the RNA Pol II localization
was dependent on transcription, immunofluorescence assays
using the anti-CTD antibodies were performed in cells previ-
ously treated with actinomycin D, which has been shown to
effectively block all transcription events in T. cruzi (18, 39). As
seen in Fig. 3, the labeling intensity decreased significantly
in the presence of the drug. Most importantly, the intensely
stained spot disappeared and a residual labeling remained in
the nucleoplasm. This decrease in the labeling intensity was
due to RNA Pol II dispersion, as the total amount of protein
remained constant in the parasite as seen in the immunoblot
shown in Fig. 3C.
We next tried to inhibit the labeling using -amanitin, which
FIG. 2. RNA Pol II is concentrated near the nucleolus of T. cruzi. Parasites expressing a histone H2b-GFP protein previously shown to be
located at the parasite nucleolus (18) were fixed with 4% paraformaldehyde and permeabilized with Triton X-100 before immunolabeling with the
anti-CTD monospecific antibodies (A, red at the third column). The GFP signal (green) is shown in the second column, and DAPI is in the first
one. The fourth column shows the merged images. Scale bars, 2 m. The anti-CTD and DAPI labeling of fixed and permeabilized parasites were
analyzed under a laser confocal microscope, and a Z series of 15 sections of 0.187 nm was generated. The Z series was then used to generate a
rendered image using the VolumeJ package (1). The figure (B) shows the volumes of the DAPI staining (red) and anti-RNA Pol II immunolabeling
(yellow) at the indicated angles. The white arrows point to the nucleus (N), the kinetoplast (K), and RNA Pol II immunofluorescence (Pol II).
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specifically inhibits the RNA Pol II transcription. As cells are
poorly permeable to -amanitin, we set up an in vitro tran-
scription assay that would enable us to obtain a minimal dis-
ruption of the nuclear structure to study whether the RNA Pol
II localization is dependent on active transcription. When we
used saponin to permeabilize the cells at 0.10 M NaCl as
described previously (33), although we obtained a strong in-
corporation of Br-UTP, the intensely labeled spot containing
RNA Pol II and the less intensely labeled DAPI area corre-
sponding to the nucleolus were lost in most of the cells (not
shown), indicating that the nuclear structure was disrupted in
this condition. In contrast, when we used 50 g of lysolecithin
per ml in a buffer optimized for RNA Pol II transcription, a
condition that kept trans-splicing active in T. brucei (48), the
preservation of T. cruzi nucleus was much better. In this con-
dition, RNA Pol II labeling was similar to what was found in
cells fixed before the permeabilization, with most of the
stained area concentrated in a position close to the nucleolus
as seen by the less intense DAPI staining (Fig. 4A). In the same
experiment, the incorporation of Br-UTP was detected in most
of the cells (70%; see Fig. 4C) with a more intense labeling in
the area that corresponds to the RNA Pol II spot, although in
some cells it was found more diffused. Longer labeling times,
increasing detergent amounts, or higher lysolecithin concen-
trations increased Br-UTP spreading. In these cases no RNA
Pol II labeling was detected, suggesting that longer incubations
dramatically affected the nuclear structure. When we per-
formed the transcription reaction in conditions that preserve
the nuclear structure and in the presence of 15 or 60 g of
-amanitin per ml, the Br-UTP labeling decreased signifi-
cantly. Only a dot at the nucleolus position, probably corre-
sponding to the RNA polymerase I transcription, was seen in
all labeled nuclei (Fig. 4B). Indeed, this dot colocalized with
the nucleolus as seen by the less intense DAPI staining. In
parallel, the RNA Pol II labeling intensity decreased signifi-
cantly, although in many cells it did not completely disappear.
As seen in Fig. 4C, the labeling intensity decreased at 15 g
-amanitin per ml in the entire nucleoplasm (green bars),
while a more pronounced effect in the major labeled area was
only seen when using 60 g -amanitin per ml (yellow bars).
-Amanitin caused RNA Pol II spreading, as the same amount
of protein was detected in immunoblots of treated or untreated
extracts (Fig. 4D). These results indicate that in permeable
cells, the clustered localization of RNA Pol II is dependent on
transcription. They also suggest that the RNA Pol II major
labeled spot is more resistant to -amanitin compared to the
genes distributed in the other parts of the nuclear space. We
also observed a 10-fold decrease in [32P]UTP incorporation in
permeable parasites in the presence of 60 g of amanitin per
ml (data not shown), compatible with the fact that most of the
FIG. 3. RNA Pol II localization is dependent on the transcriptional activity. Exponentially growing parasites were incubated for 30 min without
(A, control) or with 100 g actinomycin D per ml (B, Act D) and fixed with 0.5% paraformaldehyde. The cells were then permeabilized and
immunostained for the RNA Pol II using the anti-CTD. The acquisition time for the immunofluorescence was identical for both treatments. Scale
bar, 2 m. (C) Immunoblot showing a SDS extract of 2  107 epimastigotes treated as above and stained with Ponceau and with anti-CTD
antibodies (CTD).
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Br-UTP labeling was due to RNA Pol II in the assay condi-
tions.
The enriched RNA Pol II domain contains SL RNA genes
but not tubulin genes. The existence of the RNA Pol II-en-
riched transcriptional domain suggests that it could correspond
to a site of SL RNA transcription, given that SL RNA is
abundantly transcribed, and that SL RNA genes (150 to 200 in
T. cruzi) are localized in tandem repeats of probably homolo-
gous chromosomes (32). In addition, Pol II transcription of SL
RNA genes has consistently been found to be more resistant to
-amanitin as compared to pre-mRNA in in vitro transcription
assays (8, 24). To investigate this possibility, we set up condi-
tions to perform both anti-CTD immunolabeling and FISH
using as a probe the SL RNA gene sequence. We found that
the RNA Pol II spot corresponded exactly to the position of
the SL RNA genes, suggesting that RNA Pol II transcription of
SL RNA is restricted to a nuclear domain (Fig. 5A). In this
experiment only the major spot could be observed, because the
treatment required for FISH resulted in the loss of the RNA
Pol II signal throughout the nucleoplasm. SL RNA genes do
not colocalize with - and -tubulin gene arrays, present as 3
to 6 dots per nucleus (Fig. 5B). These tubulin arrays probably
are in two homologous 1.5 megabase chromosomes (9) that
might be dispersed in nucleoplasm. As both the number of
tubulin and SL hybridization spots and their signal intensities
were unaffected when the FISH was carried out in the presence
of RNase (data not shown), the hybridization signals corre-
spond to these genes’ distribution in the nucleus, not to their
transcripts. Taken together, these findings suggest that tran-
scription of other pre-mRNAs may correspond to less intensely
labeled and randomly distributed RNA Pol II sites in the
nucleoplasm.
FIG. 4. In vitro transcription partially colocalizes with the RNA Pol II staining, and both labels are inhibited by -amanitin. The parasites were
washed in transcription buffer and treated for 1 min on ice with 50 g of lysolecithin per ml for permeabilization. After two washings, transcription
was carried out as described in Materials and Methods. The parasites were then added to glass slides, fixed with cold 0.5% paraformaldehyde, and
processed for immunofluorescence using the rabbit anti-CTD antibodies and the mouse anti-BrdU antibodies. The figures show the DAPI staining,
the RNA Pol II immunolabeling, the Br-UTP labeling, and the merged images in which transcription was performed in the absence (A) or presence
(B) of 15 g of -amanitin per ml. Bars, 2 m. The graphic in panel C shows the percentage of nuclei labeled with Br-UTP (orange bars), the
percentage of total RNA Pol II labeling intensity in the whole nucleus (green bars), and the percentage of RNA Pol II labeling restricted to the
major spot (yellow bars); these last two measurements assume 100% for untreated cells. Image J software was used to measure the RNA Pol II
signal in the immunofluorescence analysis. The immunoblot in D shows an SDS extract corresponding to 2  107 permeabilized parasites treated
as above with 60 g of -amanitin per ml and stained with Ponceau and with anti-CTD antibodies (CTD).
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RNA Pol II labeling decreased and spliced leader genes
dispersed in trypomastigote forms of the parasite. T. cruzi
trypomastigotes do not divide but are able to infect mamma-
lian cells. Their transcription is diminished when compared to
the proliferating epimastigote forms (18). These trypomastig-
otes forms incorporated less [32P]UTP into SL RNA than the
epimastigotes (50-fold reduction), showing also smaller
amounts of RNA Pol II in immunoblots and Northern blots
(not shown). Therefore, we probed these cells with the anti-
CTD antibody and with the SL RNA probe in FISH experi-
ments. As expected, the major RNA Pol II spot was not de-
tected in most trypomastigote nuclei (Fig. 6B), and when
detected, the labeling was weaker than that of epimastigotes
(Fig. 6A). The RNA Pol II labeling in trypomastigotes was
seen in regions less intensely stained by DAPI, which were
distributed in patches in all nuclear space. When we probed for
the localization of the SL RNA genes in trypomastigotes, we
found a more dispersed pattern, with three to more dots, while
in epimastigotes the SL RNA genes were seen as one dot in the
majority of the cells (Fig. 7). These differences in the SL RNA
genes distribution and RNA Pol II labeling pattern suggest
that these parasite stages have a different nuclear organization
compatible with their transcriptional activity.
DISCUSSION
In this study we have found that RNA Pol II is concentrated
in a restricted area of the T. cruzi nucleus, next to the nucle-
olus, at the same position of the SL RNA genes. Additionally,
RNA Pol II was found dispersed throughout the central region
of the nucleoplasm in several less intensely stained spots. Such
RNA Pol II distribution is dependent on transcription, sup-
porting the notion that SL RNA is transcribed in this restricted
area close to the nucleolus and that the dispersed labeling
corresponds mostly to pre-mRNA transcription sites. Although
RNA Pol II transcriptional compartmentalization has been
described in other eukaryotes (41), the distribution found here
is unique, as trypanosomes have all mRNAs produced by trans-
splicing and their levels are posttranscriptionally regulated.
The facts that the permeable parasites incorporate Br-UTP
throughout the nucleoplasm and that the position of tubulin
genes are always different from the SL RNA genes support the
notion that SL RNA transcription occurs in a restricted do-
main, separated from most of the pre-mRNA transcription.
This peculiar localization of transcriptional events is in agree-
ment with the existence of distinct mechanisms for SL RNA
transcription and other pre-mRNAs in kinetoplastidae. While
the monocistronic transcription of SL RNA involves cotrans-
criptional capping addition and specific transcription factors,
the transcription of pre-mRNAs is not related to capping and
is mostly polycistronic (8). Moreover, these different RNA Pol
II spatial localizations are in agreement with the fact that SL
RNA transcription is uncoupled from trans-splicing, which oc-
curs when the polycistronic messages are being transcribed
(46). In this sense, one would expect the trans-splicing machin-
FIG. 5. SL RNA genes colocalize with the major RNA Pol II labeling but not with the tubulin genes. (A) Parasites were fixed with 0.5%
paraformaldehyde, permeabilized with 0.1% Triton X-100 and first submitted to immunofluorescence labeling with anti-CTD antibodies and
anti-rabbit IgG-rhodamine conjugate, and then fixed and processed for FISH using as a probe a digoxigenin-labeled PCR fragment corresponding
to T. cruzi SL RNA gene as described in Materials and Methods. The figure shows the merged images of DAPI with SL-FISH (first column), with
RNA Pol II (second column), and the three stains together (third column). (B) A volume of 0.5% paraformaldehyde-fixed parasites were processed
for FISH using as a probe a fluorescein-labeled - and -tubulin genes and the same SL RNA gene probe as described in A. The SL probe was
detected with an anti-digoxigenin rhodamine-conjugated antibody. Bars, 2 m.
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ery to be separated from the SL RNA transcription. Indeed,
the RNA Pol II localization as seen in our study is different
from the dispersed pattern of U2AF35 and the serine/arginine
protein (TSR1), both related to the splicing machineries of
T. cruzi and T. brucei, respectively (26, 50). Although unlikely,
we cannot exclude that other genes, besides the SL RNA genes
are transcribed in the SL gene spot.
We found that addition of actinomycin D and -amanitin
caused dispersion of RNA Pol II labeling, keeping unaffected
the amount of the enzyme, even when using lysolecithin per-
meable cells, which would allow chromatin-dissociated enzyme
to be washed out from the cells. Therefore, transcription inhi-
bition causes mainly a redistribution of RNA Pol II in the
T. cruzi nucleus, as found in other eukaryotic cells (27). In the
case of actinomycin D, the RNA Pol II labeling intensity at the
SL RNA was widely affected while the enzyme was still de-
tected in other regions of the nucleus. In contrast, in the
presence of -amanitin, the major site of RNA Pol II labeling
appears less inhibited compared to other nuclear regions.
These observations support the idea that actinomycin causes
RNA Pol II to stall, remaining attached to the DNA prefer-
entially during transcription of long polycistronic messages.
Accordingly, enzymatic inhibition by -amanitin would cause
RNA Pol II to concentrate close to initiation sites, abundant in
the SL-RNA tandem repeats. Moreover, SL RNA transcrip-
tion has been shown to be more resistant to -amanitin than
FIG. 6. The labeling of RNA Pol II decreases in trypomastigotes. Epimastigotes and trypomastigotes (A and B, respectively) were stained with
DAPI (first column) and with the anti-CTD (second column). The third column shows these two latter images merged, and the fourth column
shows the corresponding phase-contrast images. The images were acquired using the same exposure time. The arrows point the nucleus (N) and
the kinetoplast (K). Arrowheads indicate the RNA Pol II labeling in the trypomastigote nucleus. Scale bars, 2 m.
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FIG. 7. SL RNA genes are dispersed in trypomastigotes. Epimastigotes (A) and trypomatigotes (B) were labeled with the digoxigenin SL probe,
as described in Materials and Methods. The panels show the DAPI labeling, the SL-FISH labeling, the merged images, and phase-contrast images.
The arrows point the nucleus (N) and the kinetoplast (K). Bars, 2 m. The data in C represent the percentage of cells containing one, two, or three
or more spots found in epimastigotes (n  91) and trypomastigotes (n  71).
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other RNA Pol II-transcribed genes (8). The reasons for this
high resistance of SL RNA transcription are unknown. A pos-
sible explanation is that the gene encoding the SL RNA is
short. Alternatively, the RNA Pol II would have a higher
affinity for the SL RNA gene promoter due to the presence of
specific transcription factors (22). We recall that experiments
using permeable cells for transcription have to be carefully
interpreted, as RNA Pol II localization and distribution is
quite sensitive to the nuclear structure. For example, we ob-
served that the presence of higher salt concentration or strong
detergents affected the enzyme distribution and also the DNA
distribution.
The fact that SL RNA genes are organized in a tandem array
in T. cruzi (32) could be an obvious basis for the formation of
this defined nuclear domain in which SL RNA transcription
takes place. As trypanosomes are diploid and the SL RNA
genes are probably located in homologous chromosomes, we
should have detected at least two RNA Pol II spots in most
cells. This was not the case. SL RNA genes were found con-
centrated mainly in a single spot in two-thirds of exponentially
growing parasites. In the other third, two major spots were
detected for both RNA Pol II labeling and SL RNA genes,
indicating that not just the genome distribution but also tran-
scription could congregate SL RNA genes into a nuclear do-
main. Perhaps parasites containing two spots had undergone
replication and the SL RNA/RNA Pol II domain also repli-
cates during the cell division cycle. We cannot exclude that
some single-spot labeling corresponded to two superimposed
domains, although we always detected a single RNA Pol II spot
by confocal analysis. We observed that in the presence of
actinomycin D, despite the complete disassembly of the RNA
Pol II labeling, the localization of the SL RNA genes remained
unaffected in epimastigotes (not shown). This result shows that
active RNA Pol II is not sufficient to assemble the SL RNA
genes and that specific transcription factors could be required
to congregate the SL RNA genes. Similarly, actinomycin D
also blocks rRNA gene transcription and did not disassemble
the nucleolus in T. cruzi. In addition, the fact that tubulin
genes, also thought to be in one long array (19) in at least in
one pair of homologous chromosomes, appears as 3 to 6 spots,
and the data showing that SL RNA gene localization in trypo-
mastigotes is more dispersed reinforce the notion that the
active transcription congregates the SL RNA genes, as de-
scribed for several strong promoters (12). As recent findings
demonstrate that active transcription in eukaryotic cells assem-
bles in transcription factories and that genes undergoing tran-
scription migrate to these factories (35), it should be further
investigated if this T. cruzi RNA Pol II accumulation repre-
sents a general transcription factory, or it could just be the
specific accumulation of the enzyme in the SL RNA genes.
Our data also showed that the SL RNA-associated RNA Pol
II in T. cruzi was always close to the nucleolus. The reasons for
this peculiar location are unclear. Perhaps the proximity with
the nucleolus is because both SL RNA transcription and rRNA
transcription use an interchangeable bipartite upstream ele-
ment, recognized by the small nuclear RNA-activating protein
complex (40). This upstream element is not present in the
RNA polymerase I transcription of the variant surface glyco-
protein (VSG) of T. brucei, which has also been found to form
a nuclear structure dependent on active transcription but quite
distant from the nucleolus (11, 33). Interestingly, tRNA tran-
scription (by RNA polymerase III) in yeast clusters close to the
nucleolus, independently of the chromosomal location of the
genes (45). This tRNA transcription exerts an inhibitory effect
on RNA Pol II transcription, except in the retrotransposons
Ty1 to Ty4, which are inserted close to tRNA genes in yeast
(6). Intriguingly, in trypanosomes, some retrotransposons are
specifically inserted in SL RNA genes (5) and the SL RNA
genes are organized within the 5S rRNA gene tandems in
Trypanosoma rangeli (4). Alternatively, SL RNA transcription
domain might be related to the assembly of snRNA seeing
Cajal bodies of other eukaryotes, which are functionally or
spatially connected to the nucleolus (20).
In conclusion, we have shown that RNA Pol II accumulates
in a nuclear domain containing the SL RNA genes in T. cruzi.
SL RNA is required to generate most of the cellular mRNAs
by trans-splicing in several trypanosomes, and we are currently
investigating whether this finding is general for trypanosomes.
The SL RNA undergoes capping addition and posttranscrip-
tional modifications, which may take place in this domain.
These RNA processing reactions do not occur for other RNA
Pol II-transcribed genes and could explain why there are two
different transcription domains in trypanosomes. Thus, the
identification of the factors that enable the formation of the SL
RNA transcriptional domain may help to understand the
unique machinery of several parasites, being good candidates
for drug targets.
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